The present work establishes a systematic approach based on the application of in-situ Fourier transform infrared spectroscopy (FTIR) for the investigation of the crystal structure, thermal stability, redox behavior (temperature-programmed reduction/temperatureprogrammed re-oxidation) as well as the catalytic properties of Co 3 O 4 thin films. The syntheses of Co 3 O 4 were achieved by chemical vapor deposition in the temperature range of 400−500
I. INTRODUCTION
Nanostructured materials have been widely investigated for the fundamental scientific and technological interests in accessing new classes of functional materials with unprecedented properties and applications [1−3] . As an example, spinel cobalt oxide (Co 3 O 4 ) is one of the most versatile materials among the transition metal oxides. It is an technologically important and functional material, owing to its unique structure, intriguing properties, and potentially practical applications in several important technological fields such as heterogeneous catalysis [4, 5] , solid state sensors [6] , electrochromic sensors [7, 8] , anode materials in Li ion rechargeable batteries [9] and energy storage [10] . In the last decades, several methods have been developed to prepare thin film of Co 3 O 4 , including combustion method [11] , microwave irradiation [12, 13] , hydrothermal/solvothermal method [14, 15] , sol-gel process [16] , chemical spray pyrolysis [17] , sonochemical method [18] , chemical vapor deposition method [19] , etc. Among these approaches, pulsed-spray evaporation chemical vapor deposition (PSE-CVD), a more elaborated variant of the conventional CVD method, has caught widely attention. PSE-CVD offers distinct advantages over conventional CVD precursor delivery sources, which enables the easy control of the vapor pressure, growth rate, the film thickness, and improves the reproducibility of the film properties. In addition, PSE-CVD has the benefit of being a reliable one-pot method for the growth of complex oxides with controlled composition such as spinel [19, 20] and perovskites [21] . In this study, we report the synthesis of Co 3 O 4 thin film using a home-made PSE-CVD method and the characterization of its structure, thermal and catalytic properties using only in situ Fourier transformed infra-red (FTIR) spectrophotometer as a analytical tool.
In general, standard methods for identifications and characterizations of oxides have traditionally used X-ray diffraction (XRD), X-ray photoelectron spectroscopy or Mössbauer spectroscopy, Raman spectroscopy, energy dispersive spectroscopy (EDS), and so on. Although these techniques are successfully employed for material characterization and served well in the industry, they suffer from shortcomings that could be overcome by FTIR. In fact, most of these techniques are destructive and utilize a live radioactive source, which makes the techniques relatively unsafe from an operational point of view, since it destroys the samples and poses a potential health risk to the operator. The main limitations include the level of operator expertise requirements and the complexity of spectral interpretation. Even though XRD and EDS are facile to operate and interpret, their spectra are limited in their ability in differentiating some oxides like iron oxide in its magnetite and maghemite phase or CoO-Co 3 O 4 mixed oxides. Moreover, the cost of the above-listed techniques is very high, making their acquisition in a single laboratory very difficult.
On the other hand, FTIR instrumentation is simple and spectra interpretation is relatively easy [22] . In contrary to the above listed characterization techniques, infrared spectroscopy is convenient, non-destructive, require less sample preparation and can be used under wide variety of conditions. It is thus considered as one of the most important analytical techniques available to scientists. One of the great advantages of IR spectroscopy is that, virtually any sample may be studied in any state [23] . Liquids, solutions, pastes, powders, films, fibers, gases, and surfaces can be examined with a judicious choice of sampling technique. The basic theory of FTIR spectroscopy is well-known, including the vibrations of molecules that are crucial to the interpretation of IR spectra. The sampling procedure used in IR spectroscopy depends very much on the type of sample to be examined [23] . The various sampling techniques commonly available are outlined. Spectrum interpretation is also discussed with respect to how information could be gained from an IR spectrum. Infrared spectroscopy is now used in a wide variety of scientific fields and some of the applications of the technique concerns organic and inorganic molecules, polymers, biological and industrial applications [24, 25] .
In the past decades, it has been established that the FTIR technique can be routinely used to efficiently differentiate and quantify different iron oxides and oxyhydroxides [26, 27] . To the best of our knowledge, FTIR has been scarcely employed for the qualitative (structure) and quantitative (thermal, redox, and catalytic properties) analysis of transition metal oxides such as Co-based oxides thin film [20, 28, 29] . Indeed, the main objective of this study is to highlight the possibility of using FTIR as a unique diagnostic tool for cobalt oxide catalyst prepared via PSE-CVD, the lattice stability limit, the redox properties, as well as the monitoring of the exhaust gas produced during the catalytic oxidation of dimethyl ether (DME) over the as-prepared materials. Such analysis will further validate FTIR as a useful and versatile tool against analysis of different materials' properties.
II. EXPERIMENTS

A. Catalyst preparation
Cobalt oxide thin film was prepared using an updated version of conventional CVD. The PSE-CVD is a cold-wall stagnation point-flow CVD reactor, equipped with pulsed spray evaporation (PSE) system for the delivery of the liquid precursor feedstock. More details about the deposition setup can be found elsewhere [30, 31] . The total concentration of cobalt acetylacetonate [Co(acac) 3 ] used as a precursor in the feedstock was fixed at 5 mmol/L. Co(acac) 3 was dissolved in ethanol and kept at room temperature under atmospheric pressure during deposition. The PSE delivery was achieved with an opening time of 2.5 ms and a frequency of 4 Hz. The feedstock was injected as a fine spray into a 30 cm-long evaporation chamber kept at 220
• C. The resulting vapor was transported to the deposition chamber, with N 2 /O 2 flow rates of 0.5/1.0 standard liter per minute. Both the grid mesh and planar substrate of stainless steel were heated using a flat resistive heater to 400−500
• C during deposition, and the total pressure in the reactor was kept at 50 kPa.
B. Phase identification
FTIR spectrometer (Bruker VERTEX 70) with respective spectral resolutions of 1 cm −1 was used to elucidate and confirm the spinel structure of the oxides. Emission FTIR was employed to determine the nature of the vibration bands characteristic of pure Co 3 O 4 . In this test, the samples coated on planar stainless steel was fixed on the heating plate (heated at constant temperature of 100
• C) inside the home-made emission cells, and the typical feature of the characteristics bands of cobalt spinel was recorded and compared with those available in Ref. [20] .
C. Thermal property
The thermal properties, including stability and the redox behavior (temperature-programmed reduction (TPR)/temperature-programmed re-oxidation (TPO)) of the representative samples prepared in this study, were investigated using a home-made emission cell attached to a FTIR spectrometer as schematically represented in FIG. 1.
D. Thermal stability
In order to determine the stability limit of the prepared samples, emission FTIR was used. The thermal stability of active catalysts is an important issue since it might be the factor limiting the performance. In situ emission FTIR can dynamically reveal the catalyst deactivation due to crystalline phase transition during operation. In this test, the temperature of the catalyst was increased from 100 • C to 900
• C with a ramp of 5
• C/min. The typical features of the characteristic bands of the Co 3 O 4 disappear progressively with increasing temperature, indicating the gradual loss of its crystallinity. The sample gradually releases its lattice oxygen, permitting an accurate determination of the limit of the lattice stability.
E. Redox properties (TPR/TPO)
The redox properties of the deposited samples were investigated by TPR/TPO modes using emission FTIR as an in situ monitoring technique. TPR and TPO are widely used as thermo-analytical techniques for the characterization of chemical interaction between gaseous reactants and solid surfaces. These methods allow the characterization of the redox properties of materials by delivering spectra containing information about the mechanism and the kinetics. The TPR/TPO tests were performed also using a ramp of 5
• C/min in a flow of argon containing 5 vol% of hydrogen (TPR) and 5 vol% of oxygen (TPO). This method has been successfully used before characterizing the thermal properties of the deposited oxide thin films [20, 28, 30, 32−34] . TPR and TPO tests were carried out on films with ∼350 nm thickness. The TPR/TPO profiles of the samples are obtained by integrating the specific emission bands which are characteristic of the Co-O stretching vibration mode. The decrease of the relative intensity indicates the consecutive loss of the Co 3 O 4 structure upon reduction/oxidation. The redox properties of the spinel structure were estimated by integrating the area under the emission bands υ 1 and υ 2 as a function of the temperature.
F. Catalytic test
The catalytic performance toward the oxidation of DME was carried out in a quartz flow reactor connected to the FTIR apparatus, as shown in FIG. 2 . 20 mg of Co 3 O 4 films deposited on grid mesh of stainless steel substrates (SPW 40, 80×400, micron-retention 36−45 µm) were inserted in the middle of the flow reactor. The adopted Co 3 O 4 supported on grid mesh of stainless steel model catalyst enables systematic investigations with high reproducibility in various forms of reactor, and allows the use of small quantity of the active phase. The temperature was measured with a K type thermocouple which is located at the surface of the catalyst. The geometry of the catalytic bed presents a simple model where the mass and heat transport limitations can be neglected. For the evaluation of the catalytic activity, 1%DME, 10%O 2 diluted in Ar with the total of 15 mL/min corresponding to a WHSV of 75 mL/(g cat ·h), was admitted to the reactor. The temperature was raised up to 600
• C using a ramp of 3
• C/min, which was experimentally found to give results that accurately represent isothermal conditions. The catalytic reaction was monitored lively by the analysis of the exhaust gas using a home-made KBr transmission cell attached to an FTIR spectrometer (Bruker VERTEX 70). In this work, the FTIR spectrometer was used in the spectral range of 400−4000 cm −1 with a spectral resolution of 1 cm −1 . It is worth mentioning that the catalytic test in the present work was performed within the obtained thermal stability temperature.
The outlet profile of DME total oxidation over spinel Co 3 O 4 thin film was determined by integrating the intensity of the IR characteristic band of DME as a function of temperature. The absolute quantity of DME was calibrated with the known inlet flowrate. The DME conversion was calculated as follows [20] : DME conversion= X DME(inlet) −X DME(outlet) X DME(inlet) ×100% (1) where X DME(inlet) and X DME(outlet) refer to the fuel mole fractions in the inlet and exhaust streams, respectively. According to the Bouguer-Beer-Lambert's law, the intensity of the characteristic band (I) in the FTIR spectra is proportional to the absorption coefficient (A c ), light path length (L) and partial pressure of the specific species (P ), as displayed in Eq. (2) .
For a specific species A, the absorption coefficient and light path length are fixed, thus its intensity ratio at temperature i (I A,i ) and j (I A,j ) should be equal to its mole ratio at position i (M A,i ) and j (M A,j ):
In the present work, the mole number of DME can be calculated:
M DME,i = M DME,0 I DME,i I DME,0 where M DME,0 and I DME,0 stand for the mole number and integrated intensity of DME at inlet condition. According to the carbon balance, the quantity of CO 2 when the fuel is completely converted, M CO2,f can be calculated with M DME,0 and the chemical equation is
The mole number of CO 2 at temperature i (M CO2,i ) can be obtained as:
By applying Eq.(2), the intensity ratio of CO and CO 2 can be written as:
With the calibration of known ratios CO/CO 2 and CH 4 /CO 2 , the ratio of A c,CO /A c,CO2 and A c,CH2 /A c,CO2 were calculated and accordingly, CO and CH 4 could be quantified at each temperature position.
III. RESULTS AND DISCUSSION
A. Structure
Cubic spinel structures of Co 3 O 4 with Co 2+ (3d 7 ) and Co 3+ (3d 6 ) located at tetrahedral and octahedral sites, respectively, belong to the space group (Fd3m). The group theory predicts the following modes in the spinel:
where (R), (IR), and (in) represent Raman active vibrations, infrared-active vibration, and inactive modes, respectively. The FTIR spectra of as-prepared Co 3 O 4 are shown in FIG. 3 . In the investigated region (400−4000 cm −1 ), the obtained entire spectra manifest the presence of two absorption bands peaking at 544 cm −1 (υ 1 ) and 650 cm −1 (υ 2 ). Such bands originate from the stretching vibrations of the Co−O bond, confirming the formation of Co 3 O 4 spinel oxide, which is in good agreement with the reports in Ref. [4, 35] . The υ 1 band is characteristic of OB 3 (where B denotes the Co 3+ in the octahedral hole) vibration, and the υ 2 band is attributed to the ABO 3 (where A denotes the Co 2+ in the tetrahedral hole) vibration in the spinel lattice [36] . In addition, the FTIR spectra show no residual organic. It is worth noting that it is very difficult to differentiate between the FTIR spectra of pure Co 3 O 4 from that of Co 3 O 4 with CoO impurities. However, according to the XRD spectra of the same materials prepared under similar condition [19] , the presence of some CoO impurities in the Co 3 O 4 samples can be excluded based on the FTIR analysis in the present work.
B. Thermal stability
In situ emission FTIR spectroscopy was used to investigate the thermal stability of the films. The test was carried out under ambient conditions with a temperature ramp of 5
• C/min. The emitted radiation from the hot Co 3 O 4 (∼300 nm thickness) surface was monitored using an emission FTIR spectrometer. With increasing temperature from 200
• C to 800 • C, typical features (FIG. 4) of the spinel disappear gradually while that of CoO increases, enabling an accurate evaluation of the lattice stability to be limit. The increase of temperature causes an increase of the background progressively, revealing the change of the surface emittance. Characteristic bands of the Co 3 O 4 spinel are visible at around 544 cm −1 (υ 1 ) and 650 cm −1 (υ 1 ) at low temperatures, and both bands exhibit a tendency of red shift due to thermal expansion of the cubic lattice. Be- yond 600
• C, there is a progressive loss of crystallinity resulted from the broadening of the spinel bands. At 650
• C, the spinel gradually releases its oxygen lattice to form CoO, with the characteristic band in the range of 700−800 cm −1 , demonstrating that Co 3 O 4 can be thermally stable at 650
• C. CoO is the only phase observed above 700
• C. These thermal stability limits fit well with earlier observations on mixed oxides with Co 3 O 4 as one of the limiting systems [34] .
C. Redox properties (TPR/TPO)
Redox behavior is an important property of transition metal oxide catalysts since it plays a key role in the determination of the mechanism involved in the catalytic process. With in-situ emission FTIR, the reduction and oxidation of the Co 3 O 4 surface were monitored, throughout the reduction by hydrogen (TPR) and re-oxidation by oxygen (TPO) with increased catalyst temperature.
The obtained TPR profiles (FIG. 5) tion of the temperature, and the complete reduction of Co 3 O 4 was achieved at around 360
• C, at which a constant plateau is observed until 400
• C (FIG. 5(B) ).
Since it is well admitted that the catalytic activity of the progressive recovery of the Co 3 O 4 IR characteristics (FIG. 6(A) ) is observed. The progressive Co 3 O 4 IR band recovery started at around 320
• C, while total recovery was obtained at ∼500
• C, at which a plateau is observed (FIG. 6(B) ). The redox behaviors estimated in the present work are consistent with the literatures' report within uncertainty [29, 37−40] . In contrast to the reducibility, the oxidability of Co 3 O 4 is obtained at high temperature, indicating that the re-oxidation plays an important role in the catalytic processes. It is worth noting that factors, such as crystal size [40] and the reduction condition [41] , including the total flow rate, hydrogen concentration, and the temperature ramp, could influence the estimation of the redox properties. The reduction of Co 3 O 4 at low temperature will benefit to the catalytic behavior of Co 3 O 4 .
D. In situ diagnostic of Co3O4 catalytic property
The catalytic property of the as-prepared Co 3 O 4 was investigated using online FTIR to monitor the exhaust gas composition during the catalytic oxidation of DME. The exhaust profiles of DME, CO 2 , and CO are shown in FIG. 7 . The conversion of DME over the Co 3 O 4 sample was observed in the temperature range of 225−360
• C. The in situ FTIR spectra recorded at different temperatures indicate a red shift of DME characteristics peak with the increases of the temperature inside the flow reactor, while the characteristic band of CO 2 becomes progressively detectable and is finally the only product formed after the complete conversion of DME at around 350
• C. The outlet profiles and the light-off curves of DME oxidation are represented in FIG. 8 and 9 respectively. peratures indicate that, cobalt oxide thin films are active and favor the total oxidation of DME at much low temperature. As shown in FIG. 8 , DME is exclusively converted to CO 2 and no trace of CO or other intermediates were detected. T 50 and T 90 , referring to temperatures at 50% and 90% conversion of DME to CO 2 were used to evaluate the catalytic performance of Co 3 O 4 catalyst and the obtained results were compared with those obtained with other catalysts from the literature. T 50 and T 90 of the reaction with Co 3 O 4 are 300 and 315
• C (FIG. 9) , which are lower than the values obtained with Co-Fe catalysts [42, 43] . The synthesized Co 3 O 4 samples in this work exhibit much higher performance in the conversion of DME than the CoFe 2 O 4 [43] and Co 2.1 Fe 0.9 O 4 [42] from our recent work with which T 90 of DME was achieved above 470 and 409
• C, respectively. In addition to binary metal oxides, complete oxidation of DME on supported noble metals such as Ru, Pt, Ir, Pd, and Rh has been investigated by Solymosi et al. [44] . They found that, Pt and Pd supported on Al 2 O 3 exhibited the highest and constant activity at low temperature. However, besides the total oxidation of DME to produce CO 2 and H 2 O, CO, CH 4 , C 2 H 6 , and C 3 H 6 were also formed and detected in trace amounts. FIG. 9 Light-off curves of DME oxidation over the PSE-CVD-made Co3O4 sample with exellent stability after three consecutive tests.
In the present study, only CO 2 was detected during the reaction sequence over Co 3 O 4 . In total, Co 3 O 4 is active, reusable, and reproducible and no deactivation is observed after several times of use (FIG. 9) .
To understand the mechanisms involved in the catalytic oxidation of DME over Co 3 O 4 catalysts, redox property is investigated and correlated to the catalytic performance in this work. Based on the obtained results, the redox process is proposed to play a decisive role in the reaction sequence. In fact, deep oxidation reactions over metal oxides are considered to be catalyzed by lattice oxygen [45, 46] . It has been demonstrated that, the redox properties of catalysts are known to govern the catalytic activity in the total VOC oxidation over metal oxides [45, 46] . A common feature of these metal oxides is the presence of the multiple oxidation states, indicating that, the easiest the catalyst is reduced, the highest is the yield of conversion towards higher degree of oxidation. During the catalytic processes, the metal may be reduced by the hydrocarbon from higher ionic state to lower ionic state, and then re-oxidized by refreshed or adsorbed oxygen from lower state to higher state. Therefore, it consists of a reduction and oxidation cycle between two or more oxidation states (Mars van Krevelen mechanism). In fact, the catalytic performance of Co 3 O 4 toward total oxidation of DME can be correlated to the presence of Co 3+ /Co 2+ redox couples and the lattice oxygen mobility. In the present work, TPR/TPO results indicate that Co 3 O 4 was able to be reduced and re-oxidized at relative low temperature range (300−500 • C). It is generally admitted that the catalytic mechanisms involved in the total oxidation of VOCs over metal oxides catalysts follow a Mars-van Krevelen process [45, 47, 48] , which implies a reduction-oxidation cycle of the catalyst. It is thus believed that the conversion of DME to CO 2 and H 2 O in the present work could result from the presence of basic sites since the formation of CO 2 requires the presence of lattice oxygen via a redox process of cobalt ions. This process relates the catalytic performance to the redox properties that are investigated in this study by TPR/TPO analysis. Therefore, TPR/TPO results confirm that total oxidation DME over spinel Co 3 O 4 might follow Mars-van Krevelen mechanism.
IV. CONCLUSION
Qualitative characterizations of the structure as well as the quantitative diagnostic of the thermal stability, the redox and catalytic properties of Co 3 O 4 were comprehensively and accurately performed using an in situ FTIR technique. The as-prepared thin film was confirmed to be Co 3 O 4 spinel. The investigation of the thermal properties shows that, Co 3 O 4 stability limit was obtained above 650
• C. The evaluation of redox property indicates that Co 3 O 4 can be easily reduced and oxidized at relatively mild temperature. Co 3 O 4 was used as a catalyst for the total oxidation of DME using an in situ FTIR for the diagnostic of the exhaust gas produced during the catalytic process. Co 3 O 4 thin film exhibited promising performance at low temperature. The in situ FTIR diagnostic of Co 3 O 4 properties performed in this study can be further fine-tuned and extended to other metallic oxides including chromium oxide, nickel oxide, lead oxide, and silicon dioxide. The in situ FTIR technique is confirmed to be a valuable tool for the efficient study of metal oxide material for a wide range of applications. 
